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ABSTRACT Treatment of Swiss mouse 3T3 cells with
epidermal growth factor, orthovanadate, or serum results in
the activation of a kinase that phosphorylates protein S6 of the
40S ribosomal subunit in vitro. This kinase is eluted as a single
peak of activity from either a Mono Q anion-exchange column
at 0.34 M NaCl or a Mono S cation-exchange column at 0.20
M NaCl. Treatment of the peak fraction from the Mono S
column with phosphatase 2A completely abolishes the activity
of the enzyme. The kinase appears to be distinct from protein
kinase C, cAMP-dependent protein kinase, and two protease-
activated kinases, PAK H and H4P. The kinase has been
purified to apparent homogeneity and migrates as a single
band at Mr 70,000 in NaDodSOn/polyacrylamide gels. The
kinase exhibits the ability to autophosphorylate, and this
activity directly parallels S6 phosphorylation activity on the
final step of purification. In vitro, the kinase incorporates up to
5 mol of phosphate into S6, and the tryptic phosphopeptide
maps obtained are equivalent to those from S6 phosphorylated
in vivo. Most important, treatment of the purified kinase with
phosphatase 2A results in complete inactivation of the enzyme,
arguing that the activity of the kinase is directly controlled by
phosphorylation.

The activation of protein synthesis and subsequent cell
growth in numerous biological systems is preceded by the
multiple phosphorylation of S6, a protein of the 40S ribo-
somal subunit (1-6). In the case of quiescent animal cells
stimulated to proliferate by specific mitogens, protein syn-
thesis increases by as much as 3-fold and up to 5 mol of
phosphate are incorporated per mol of S6 (7, 8). The function
of S6 phosphorylation in this system is not clearly under-
stood; however, a central role in controlling the initiation of
protein synthesis has been suggested by several lines of
evidence (9-15).
The possibility that protein phosphorylation cascades may

be involved in the activation of cell growth has recently
focused a great deal of attention on the kinase that phos-
phorylates S6 (16-24). Earlier we described an S6 kinase
activity from Swiss mouse 3T3 cells that was stimulated up
to 25-fold by serum, epidermal growth factor (EGF), or
sodium orthovanadate (vanadate) (16, 17). The S6 kinase
activity in extracts prepared from cells treated with increas-
ing concentrations of EGF was found to closely parallel the
dose-response curve observed for S6 phosphorylation in the
intact cell (16). In addition, the two-dimensional tryptic
phosphopeptide maps derived from S6 phosphorylated in
vitro and in vivo were equivalent (25). Together, these two
findings suggested that the S6 kinase activity being followed
in vitro was responsible for phosphorylating S6 in the intact
cell.
To recover full kinase activity from cell extracts, it was

crucial to include phosphatase inhibitors such as glycerol
2-phosphate (16, 17). This finding suggested that the kinase

might be regulated by phosphorylation and that the kinase
inactivator in cell extracts was a phosphatase. Recently, we
confirmed the latter suspicion by demonstrating that the
major S6 kinase inactivator in cell extracts is a type 2A
phosphatase (18). Following a similar approach, a number of
laboratories have used glycerol 2-phosphate to extract an
apparently equivalent activity from other cell types in which
S6 phosphorylation has been induced (19-24). Furthermore,
in these studies the S6 kinase activity appeared to behave as
a single enzyme.

In the work described here, we employed a number of
criteria, including column chromatography and phosphatase
sensitivity, to demonstrate that EGF, vanadate, and serum
activate the same S6 kinase and that it is distinct from four
other kinases known to phosphorylate S6 in vitro. Next, we
purified this kinase to apparent homogeneity and examined
its ability to autophosphorylate and the extent to which it
phosphorylates S6. Finally, we tested whether the purified
form of the enzyme retains its sensitivity to phosphatase 2A.

MATERIALS AND METHODS
Cell Culture and Extraction. Swiss mouse 3T3 cells were

seeded at 1.5 x 106 cells per 850-cm2 roller bottle (Falcon) in
150 ml of Dulbecco's modified Eagle's medium containing
10% fetal bovine serum (GIBCO) (8). After 8 days when no
mitoses were observed, cultures were stimulated for 2 hr at
370C with 3.8 mM vanadate (BDH) in 10 mM Hepes (Serva)
at pH 7.0. The cells then were harvested in extraction buffer
containing 0.1 mM phenylmethylsulfonyl fluoride (16) and
were homogenized for 10 sec 'at setting 5 with a tissue
homogenizer (Kinematica, Lucerne, Switzerland) and the
homogenate was centrifuged at 20C for 45 min at 450,000 X
g. The supernatant was frozen and stored in liquid nitrogen.
Enzyme Assays. S6 kinase activity was measured using 40S

ribosomal subunits prepared from rat liver (26). Reaction
mixtures contained, in a final volume of 10 Al, 50 mM
4-morpholinepropanesulfonic acid (Mops; pH 7.0), 1 mM
dithiothreitol, 10 mM MgCl2, 30 ,uM [y-32P]ATP (10-30
cpm/fmol, Amersham), 10 mM p-nitrophenyl phosphate, 17
Ag of 40S subunits, 10 units of the heat-stable inhibitor of
cAMP-dependent protein kinase (PKI), and 5 Al of enzyme
fractions that had been diluted 1:10 in Mono S buffer (see
legend to Fig. 3). After incubation at 370C for 30 min,
reactions were terminated by addition of 3 Al of electropho-
resis sample buffer and analyzed by NaDodSO4/PAGE
followed by autoradiography as described (18). The assay
conditions for protein kinase C were identical to those
above, except that 5 mM CaCl2 and 0.8 ,tg of L-a-
phosphatidyl-L-serine (Sigma) per assay were included. A
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unit of kinase activity equals 1 pmol of phosphate incorpo-
rated into S6 per minute. Autophosphorylation of the S6
kinase was carried out in a final volume of 10 ,ul in Mono S
buffer (Fig. 3) containing 1 ,M [y-32P]ATP (300-1000
cpm/fmol) and 2 ,ul of the indicated fractions at 37°C for 30
min. The reaction was stopped and the gels were prepared
for autoradiography as described above.

Purification of the S6 Kinase. The kinase was purified by
sequential chromatography on Fast Flow S Sepharose,
Mono Q, Sephacryl S200, ATP-substituted agarose, hydrox-
ylapatite, and Mono S. The detailed purification and char-
acterization of the kinase will appear elsewhere. The overall
recovery was -0.2% with a 3000-fold purification and a final
specific activity of 0.6 ,umol per min per mg of protein at 100
,uM ATP and 20 mM MgCl2. The low recovery was due to
freeze-thawing of the sample between chromatographic
steps. The enzyme was stored at - 20°C in Mono S buffer
(Fig. 3) containing 50% (vol/vol) ethylene glycol.
Two-Dimensional PAGE and Phosphopeptide Analysis. In

vitro phosphorylation of S6 was carried out as described in
the legend to Fig. 4. For labeling with 32p, ribosomes were
incubated with 10 ,uCi (370 kBq) of [_y-32P]ATP under these
conditions. The 40S ribosomal proteins were isolated and S6
was either analyzed by two-dimensional PAGE (27) or
digested with trypsin for analysis of phosphopeptides as
described (28, 29).

RESULTS

Activation of a Common S6 Kinase. Unfractionated ex-
tracts prepared from 3T3 cells stimulated with EGF, vana-
date, or serum contain higher levels of S6 kinase activity
than extracts from quiescent cells (16, 17). To test whether
these mitogens stimulated a common activity and whether
this activity represented one or more kinases, extracts from
quiescent cells and from cells treated for 30 min with one of
the three agents were analyzed by Mono Q (Pharmacia)
anion-exchange chromatography. Resting cells yielded two
minor peaks of activity that were eluted at 0.23 M and 0.34
M NaCl (Fig. 1 A-C). Following mitogen stimulation, only
the activity in the latter peak increased. In each case >90%
of the activity applied to the column was recovered in this
peak. A similar analysis on a Mono S cation-exchange
column also revealed a single major peak of S6 kinase
activity, eluted at 0.20 M NaCl (data not shown). Earlier we
showed that partially purified preparations of the vanadate-
stimulated enzyme can be inactivated by protein phospha-
tases (18). To determine whether each of these kinases
shared this property, the peak fractions from the Mono S
columns were incubated with purified phosphatase 2A cata-
lytic subunit (2A,). In each case this treatment led to almost
complete inactivation of the kinase within 15 min (Table 1).
Based on this evidence it appears that a single S6 kinase is
activated by EGF, vanadate, and serum.
Other Kinases. A number of kinases have been reported to

phosphorylate S6 in vitro, including the cAMP-dependent
protein kinase (30-32), two protease-activated kinases
termed PAK II and H4P (33, 34), and protein kinase C (35,
36). The S6 kinase does not appear to be protein kinase C,
since it was eluted from a Mono Q column at a higher salt
concentration (0.34 M versus 0.16 M NaCl) and was not
affected by phospholipid and Ca2" (Fig. 1D). To test for the
presence of cAMP-dependent protein kinase, the enzyme
was assayed in the presence of PKI. The inhibitor had no
effect on the S6 kinase activity, whereas it completely
abolished the activity of cAMP-dependent protein kinase
(Table 2). Finally, limited proteolysis of the enzyme with
trypsin led to an almost complete loss of S6 kinase activity,
though it did activate a kinase present in unfractionated cell

28

24

20-

16
~o_ 12
x

8

E
4-

-6C)
" 28-
coCL24-
0
( 20-
C

12 16-
,9-16

12

8

4-

AdL

AC *' B '

5 9 13 17 2125291 9 13 1721 25 29
Fraction

-0.5

-0.4

-0.3

-0.2

*0.1

0
-0.5 Ca

z

- 0.4

0.3

- 0.2

- 0.1

FIG. 1. Mono Q anion-exchange chromatography of S6 kinase.
Unfractionated extract (5 ml) from -2.5 x 107 cells was applied to
a 1.0-ml Mono Q column (Pharmacia) at a flow rate of 1 ml/min.
After the column was washed with 3 ml of buffer B (20 mM
Tris HCl, pH 7.5/0.5 mM EGTA/2 mM EDTA/2 mM dithio-
threitol/0.1% Triton X-100), bound material was eluted with a 30-ml
linear gradient from 0 to 0.5 M NaCl (---) in buffer B. Fractions (1
ml) were collected and assayed for S6 kinase activity. Cells were
stimulated for 30 min with 5 nM EGF (A and D), 1 mM vanadate (B),
or 10%o serum (C). In D, Triton X-100 was omitted from buffer B.
This did not alter the elution position of the S6 kinase but did lead to
a slight reduction in recovered kinase activity. * in A-D, mitogen-
stimulated cells; * in A-C, untreated quiescent cells; * in D,
EGF-stimulated cells, kinase assayed in the presence of Ca2+ and
phospholipid.

extracts (Table 2). Thus, the S6 kinase described here
appears to be distinct from these four kinases.

Purification of the S6 Kinase. For purification of the
kinase, vanadate was chosen for three reasons as the agent
to activate the enzyme in vivo. First, as indicated above, the
kinase stimulated by vanadate appears to be the one stimu-
lated by EGF and serum. Second, in contrast to EGF,
activation of the kinase by vanadate is persistent rather than
transient (17). Third, the extent of activation at higher
concentrations of vanadate is equivalent to that achieved

Table 1. Inactivation of partially purified S6 kinase by
phosphatase 2AC

S6 kinase activity,
milliunits

Mitogen 0 min 15 min

None 1.6 0.3
EGF 8.0 0.6
Vanadate 5.7 0.1
Serum 11.8 0

Extracts from cells treated with mitogens as described in the
legend of Fig. 1 were subjected to chromatography on a Mono S
column. Fractions from Mono S rather than Mono Q were chosen
because they contain no endogenous phosphatase activity (18). The
peak fractions of S6 kinase activity were diluted 1:10 with buffer A
(50 mM Mops, pH 7.2/1 mM dithiothreitol/10 mM MgCI2/0.1%
Triton X-100), and a 2.5-,ul aliquot was mixed with an equal volume
of buffer A with 36 milliunits of rabbit skeletal muscle phosphatase
2AC. After a 0- or 15-min preincubation at 37°C the samples were
assayed for S6 kinase activity. In control experiments lacking
phosphatase, the kinases lost only about 10% of their activity (data
not shown).

Biochemistry: Jen6 et al.
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Table 2. Effect of PKI and trypsin on the EGF-activated
S6 kinase

S6 kinase,
Sample milliunits/ml

cAMP-dependent protein kinase 38.0
cAMP-dependent protein kinase + PKI 0.4
EGF-activated S6 kinase 15.0
EGF-activated S6 kinase + PKI 15.8
Unfractionated cell extract 9.3
Unfractionated cell extract + trypsin 19.7
EGF-activated S6 kinase + trypsin 1.6

To examine the effect of PKI, 2 ul of the EGF-activated S6 kinase
(Fig. lA, fraction 20) or the catalytic subunit of cAMP-dependent
protein kinase (20 ,ug/ml; Sigma) were preincubated in the presence
or absence of 5 units of PKI for 10 min at 22°C in a final volume of
10 ,ul containing 20 mM Mops (pH 7.0). A 2-,u aliquot from each
sample was then diluted 1:10 with 50 mM Mops, pH 7.0/1 mM
dithiothreitol/10 mM MgCl2/10 mM p-nitrophenyl phosphate and
assayed essentially as described in Materials and Methods. To
examine the effect of trypsin, 48 ,ul of EGF-activated S6 kinase or
the same amount of unfractionated cell extract from EGF-stimulated
cells was incubated in the presence or absence of 2 ,l of trypsin (0.1
mg/ml; Sigma) for 5 min at 37°C. The reaction was terminated by
adding 1 ,u of soybean trypsin inhibitor (12 mg/ml; Sigma). A 2-pl
aliquot from each sample was then diluted 1:50 and assayed as
described above.

with serum. Thus, vanadate offered an efficient and inex-
pensive method for obtaining reasonable amounts of acti-
vated kinase from large numbers of 3T3 cells. The specific
activity of the S6 kinase in extracts from vanadate-treated
cells varied between 100 and 200 pmol per min per mg of
protein. The enzyme was purified by the procedure outlined
in Materials and Methods, and the polypeptide compositions
of the fractions obtained from the final cation-exchange
column were analyzed by NaDodSO4/15% PAGE followed
by silver staining. The fraction containing the peak activity
showed a single band with an apparent molecular weight of
70,000 under reducing conditions (Fig. 2). This band mi-
grated slightly faster when dithiothreitol was omitted from
the sample buffer or when examined on 10%o acrylamide
gels, yielding a polypeptide band at Mr 65,000 (data not
shown). The former finding indicates the existence of intra-
molecular disulfide bonds, which apparently must be re-
duced to obtain a sharp protein band. From 1 g of cell extract
protein, approximately 500 ng of pure S6 kinase could be
obtained.

Autophosphorylation. In general, most protein kinases
have the ability to catalyze an autophosphorylation reaction.
To test whether the Mr 70,000 protein would also autophos-
phorylate, fractions from the final purification step (Fig. 3)
were incubated with [y-32P]ATP in the absence of 40S
subunits. The only phosphorylated band detected was in
fractions 16-19 (Fig. 3 Inset), at a molecular weight identical
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FIG. 2. NaDodSO4/PAGE
of purified S6 kinase. Lane 1: a
10-Al aliquot (-10 ng of protein)
from the peak fraction of the
cation-exchange column (see
Fig. 3) was reduced with 100
mM dithiothreitol and subjected
to electrophoresis in a 15% poly-
acrylamide gel; the gel was
stained with silver as previously
described (37). Lane 2: 100 ng of
each molecular weight marker
(myosin heavy chain, (-galacto-
sidase, phosphorylase b, bovine
serum albumin, and ovalbumin).

to that of the kinase. This activity directly overlapped with
the S6 phosphorylation activity (Fig. 3), further supporting
the notion that the Mr 70,000 protein is the kinase. The
physiological relevance of this autophosphorylation is un-
clear, since less than 0.1 mol of phosphate was incorporated
per mol of enzyme. However, autophosphorylation of the
Mr 70,000 protein has proved to be a much more sensitive
method for detecting the enzyme than silver staining.
S6 Phosphorylation and Tryptic Peptide Mapping. Follow-

ing stimulation of quiescent cells with various mitogens, S6
becomes multiply phosphorylated. The extent of phospho-
rylation can be determined by the altered mobility of the
increasingly phosphorylated derivatives on two-dimensional
polyacrylamide gels. Analysis of 40S ribosomes from fasted
rat liver showed S6 mainly in the dephosphorylated state,
with a small amount of the monophosphorylated derivative
S6a (Fig. 4A). After incubation with the mitogen-activated
kinase, S6 was present as the highly phosphorylated deriv-
atives S6c-S6e (Fig. 4B). Furthermore, in the presence of
[y-32P]ATP the only phosphorylated protein detected was S6
(Fig. 4C). To examine the specificity of this reaction, 32p-
labeled S6 was treated with trypsin and analyzed by two-
dimensional thin-layer electrophoresis. The pattern obtained
was almost identical to that previously reported for highly
phosphorylated S6 derived from serum-stimulated 3T3 cells
(Fig. 4D) (27). Peptides 3-10 were clearly visible, whereas
peptides 1, 2, and 11 were only weakly labeled (32). Thus,
the purified enzyme appears to phosphorylate S6 to the same
extent and with the same specificity as observed in vivo.

Effect of Phosphatase 2A. The data in Table 1 and our
earlier studies (18) suggested that the mitogen-stimulated S6
kinase might be either directly or indirectly regulated by
phosphorylation. As can be seen in Fig. 5, incubation of the
purified kinase with phosphatase 2AC led to a time-
dependent and complete loss of activity that was prevented
in the presence of p-nitrophenyl phosphate, an efficient
inhibitor of the phosphatase. Thus, the activity of the S6
kinase appears to be directly controlled by phosphorylation.

DISCUSSION
To understand the regulation of S6 phosphorylation during
the mitogenic response will require the identification of the
kinases and phosphatases involved in controlling this event.
Previous physiological and biochemical studies from this
laboratory argued that the mitogen-stimulated activity fol-
lowed in cell extracts was responsible for phosphorylating
S6 in the intact cell (16, 17, 25). Further, it was implied that
EGF, vanadate, and serum were stimulating the same activ-
ity. Here we present data that support this hypothesis and
further argue that the kinase in all three cases is a single
entity. A number of groups have recently described activa-
tion of a similar enzyme in other systems (19, 20, 22-24). The
findings to date suggest that all of these enzymes might be
identical; however, final proof awaits further studies.
The results in Fig. 1 and Table 2 argue that the enzyme

described here is distinct from the cAMP-dependent protein
kinase, protein kinase C, and the protease-activated kinases
PAK II (33) and H4P (34). For the latter three enzymes this
conclusion is supported by several additional lines of evi-
dence. First, desensitization of protein kinase C by phorbol
esters does not block subsequent activation of the S6 kinase
by other mitogens or by oncogenes (19, 23, 38). Further-
more, in Swiss 3T3 cells, unlike other cell types, EGF does
not appear to be linked to phospholipid turnover, diacyl-
glycerol production, or protein kinase C activation (39-41),
even though it is a potent activator of the kinase in Swiss 3T3
cells. With regard to PAK II and H4P, the proforms of these
two kinases have molecular weights similar to that of the S6
kinase but require protease treatment to become activated.

408 Biochemistry: Jen6 et al.

AL..:i...-.;L
i"Op",

400mmolm
dwl--"



Proc. Natl. Acad. Sci. USA 85 (1988) 409

FIG. 3. Cation-exchange chromatogra-
phy of S6 kinase. For the final purification
step, enzyme pooled from the hydroxylapa-
tite column was chromatographed on a
450-1.l Mono S column equilibrated in 25
mM phosphate buffer, pH 6.5/1 mM
EGTA/1 mM EDTA/1 mM glycerol 2-

CW phosphate/1 mM benzamidine/2 mM dithio-
E threitol/20% ethylene glycol/0.1% Triton

X-100/0.05% PEG 6000 (Mono S buffer).
Proteins were eluted at a flow rate of 100
,ul/min with a linear gradient up to 0.5 M
NaCI. Fractions (100 /l) were collected and
tested for enzymatic activity in the presence
(o) or absence (A) of 40S subunits. The
broken line indicates the conductivity of
each fraction. (Inset) Autoradiogram of
NaDodSO4/PAGE analysis of fractions
15-20 assayed in the absence of 40S sub-
units. Molecular weight markers were iden-
tical to those used in Fig. 2.

When the S6 kinase is treated with protease it becomes
inactivated. Although we cannot rule out the possibility that
we have isolated a proteolytic fragment of either PAK II,
H4P, or protein kinase C, this seems unlikely because the
protease-treated forms of these enzymes are substantially
smaller (Mr 45,000-55,000) than the S6 kinase reported here.
Two additional S6 kinases have been purified to apparent

homogeneity: a Mr 92,000 protein isolated from unfertilized
Xenopus laevis eggs (21, 42) and a Mr 67,000 kinase purified
from bovine liver (43). The enzyme from eggs had a specific
activity of 41 nmol per min per mg and in vitro it incorpo-
rated 4-5 mol of phosphate into S6. The phosphopeptide
maps generated under these conditions were identical to
those observed in vivo, and the enzyme was highly specific
for S6. The enzyme from bovine liver was purified more than
50,000-fold and had a specific activity of 22 nmol per min per

A B
52
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mg. In vitro it appeared to phosphorylate S6 to a higher
degree than either protein kinase C or the cAMP-dependent
protein kinase, but neither the stoichiometry of phosphoryl-
ation nor phosphopeptide maps were reported. The apparent
molecular weight was similar to that described here for the
S6 kinase; however, the specific activities (22 versus 600
nmol per min per mg) are quite different. The relationship
between these two enzymes and the S6 kinase described
here is unknown. One of the distinctive features of the 3T3
cell enzyme is its extreme sensitivity to phosphatases. Thus,
it will be important to determine whether any of the other
kinases that phosphorylate S6 also share this property
(19-24, 42, 43).
The amplification of intracellular signals through phospho-

rylation cascades has been an attractive model both in the
field of mitogenesis and in other systems. However, there
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FIG. 4. Two-dimensional PAGE and
tryptic phosphopeptide analysis of S6. Rat
liver 40S ribosomes (300 Ag) were phospho-
rylated essentially as described by Martin-
Perez and Thomas (29) in the absence (A) or
presence (B and C) of the S6 kinase (45
units) and analyzed by two-dimensional
PAGE. (D) Two-dimensional tryptic phos-
phopeptide map of S6 derived from a por-
tion of the 32P-labeled S6 shown in C. A and
B show Coomassie blue-stained gels; C and
D show autoradiograms.
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FIG. 5. Phosphatase 2A inactivation of the S6 kinase. Pure S6
kinase (33 milliunits) was incubated alone (A-A-A), in the presence
of 12 milliunits of phosphatase 2A, (.-.*), or in the presence of
phosphatase 2A, plus 10 mM p-nitrophenyl phosphate (U--) for the
indicated times at 370C. The samples were then immediately assayed
for S6 kinase activity.

are only a few known examples of kinases that are activated
by other kinases (44, 45). Previous studies in this laboratory,
employing phosphatase inhibitors (16, 17, 25) or purified
phosphatases (18), led to the suggestion that either the
kinase or a regulatory component of the kinase was con-
trolled by a phosphorylation-dephosphorylation mecha-
nism. The sensitivity of the homogeneous form of the
enzyme to phosphatase 2AC argues that it is direct phospho-
rylation of the kinase that controls its activity. Such a
mechanism would be expected to respond rapidly to physi-
ological signals and to be readily reversible. Two additional
observations support this view. First, pretreatment of cells
with cycloheximide does not appear to alter the kinase
response (19). Second, following desensitization of the ki-
nase by EGF, the enzyme can be rapidly reactivated by
vanadate (17). Rigorous proof of such a model will require
that the kinase be shown to be phosphorylated in vivo
following mitogenic stimulation and that this result can be
reproduced in vitro.
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